Abstract. Wells turbine is a promising self-rectifying device in the eld of ocean wave energy conversion. This study presents an Entropy Generation Analysis (EGA) of isothermal ow through a monoplane Wells turbine. The numerical computation has performed by solving the steady, incompressible, and three-dimensional ReynoldsAveraged Navier-Stokes (RANS) equations with RNG k " turbulence model in a noninertial reference frame rotating with the turbine rotor. Then, local entropy generation rates, related to viscous dissipation around rotor blades, were calculated from the velocity elds. The results indicate that separation and boundary-layer interaction have a direct e ect on the entropy generation. The blade entropy generation decreases from hub to tip and from leading edge to trailing edge in suction surface. Also, the result of comparison shows that the point of minimum entropy generation coincides with the point of maximum rst law e ciency of thermodynamics. The results prove that viscous entropy generation distribution provides designers with useful information about the causes of ow irreversibilities. Future monoplane Wells turbine designs should concentrate essentially on optimizing the blade geometry.
Introduction
Among the di erent types of renewable energy, ocean wave has attracted attention of researchers in the recent past because of its perennial availability, minimum health hazards, and high energy density [1] . Recent evaluations have indicated that the wave energy in Egypt [2] , Italy [3] , and Turkey [4] is possible for wave energy conversion. Zabihian et al. [5] investigated the energy potentials of these resources in Iran and the possibility of exploiting them; they concluded that Iran has a high potential to exploit ocean renewable energies. In the past two decades, several types of Wave Energy Converters (WEC) and related technologies have been investigated [6] . Among these energy converters, a wide range of research activities are devoted *. Corresponding author.
E-mail address: e.lakzian@hsu.ac.ir (E. Lakzian) to the Oscillating Water Column (OWC) systems which perform the conversion of the wave motion into a reciprocating (bi-directional) air ow through a turbine [7] . In the initial stages of advancement, conventional turbines were used within OWC systems. But, these turbines needed ow-rectifying valves and guide vanes. Wells turbine, a concept proposed by Wells in 1976, eliminated the need for ow-rectifying valves and guide vanes [8] . Wells turbine is known as one of the most important parts of the OWC and is the simplest self-rectifying air turbine with a symmetrical aerofoil (usually belonging to the NACA00XX series) blades with respect to a normal plane to the rotational axis, and it is not sensitive to the direction of incoming ow. Figure 1 presents schematic of monoplane Wells turbine as follows.
This axial-ow turbine is employed by OWC wave energy devices due to its technical simplicity, reliability, high rotational velocity, and design robustness [9] . While it carries solid advantages, the Wells turbine has intrinsic drawbacks in comparison with conventional turbines, and they are as follows: lower e ciency, poorer starting, higher noise level, short operating range, higher axial force, as well as lower tangential force. So, many scholars have tried to recognize the optimum conditions to overcome such drawbacks and improve the performance of Wells turbines [10, 11] . There are several articles which describe the performance of the Wells turbine with focus on the overall operational characteristics [12] [13] [14] . Takao et al. [15] investigated the Wells turbines with variable thickness blades experimentally. They indicated that the stall characteristic depends on the blade pro le at tip, and the stall characteristics are improved by increasing blade thickness at the blade tip.
With recent developments in computer hardware and software, it has now become practicable to conduct a reasonable computation of 3-D turbulent ow elds through complex geometries, such as those found in the Wells turbine. Watterson et al. [16, 17] studied the e ects of solidity and tip clearance on the performance of a Wells turbine, torque, and e ciency. Numerical analysis of the in uence of the turbine blade without tip clearance on the turbine performance has been performed by Thakker et al. [18] . Torresi et al. [19] studied a variable cord Wells turbine by the actuator disk theory and CFD simulation. They showed that for low values of ow coe cient, the proposed con guration has a higher torque coe cient in comparison with the constant chord blade. Mohamed and Shaaban [20] numerically investigated the standard NACA 0021 and a proposed airfoil with optimized pro le. They found that self-pitch control of Wells turbines can improve the turbine e ciency and delay the turbine starting point simultaneously. Starzmann and Carolus [21] investigated the e ect of cascade solidity and the hubto-tip ratio on the aeroacoustic performance of Wells turbine rotors numerically and experimentally. This research showed that the high hub-to-tip ratio and high solidity design increase the maximum range of operation without stall. Also, in this investigation, it was found that steady-state RANS approach cannot predict the onset of stall due to the inherent unsteadiness of the ow in this regime.
As mentioned above, analyses of the air ow through the Wells turbine have been carried out over the years by means of experimental and numerical methods to improve its performance. However, such studies employ the rst law of thermodynamics, and the process irreversibilities are not represented in the analysis.
On the other hand, the second law of thermodynamics analysis should be considered to evaluate the sources of irreversibilities (entropy generation) related to heat transfer, friction, and other non-idealities within systems. A number of studies were performed on the second law analysis and the entropy generation in di erent kinds of turbines, such as gas turbines [22] , wet steam ow turbines [23] [24] [25] , and wind turbine [26] . For a real system, there is a direct proportionality between the entropy generation of the process and the amount of useful energy dissipated in the process [27] . Lower levels of entropy generation yield more e cient designs of energy systems. Therefore, in recent years, a topic of great attention in the thermo-uid area is the entropy minimization. Bejan [27] studied the di erent sources of irreversibility in applied thermal engineering as a reason for destroying the exergy of a system. Therefore, it makes good sense to concentrate on the irreversibility of heat transfer and uid ow processes. Bejan [28, 29] indicated that entropy generation in convective uid ow is due to thermal and viscous dissipations.
A small number of studies have been dedicated to the investigation of the EGA in Wells turbine. For example, Shaaban [30] investigated an exergy analysis of steady 3D incompressible ow through a biplane Wells turbine with stagger angle of 45-deg between rotors. He indicated that e ciency can be signi cantly improved by improving the downstream rotor performance, optimizing the blade pro le in the zone extending from leading edge to the position of maximum thickness and reducing interaction between rotor and boundary layers, especially at the rotor tip. Shehata et al. [31] analyzed entropy generation due to viscous dissipation around di erent airfoils under 2D steady ow condition. They found that the entropy generation around the NACA0015 airfoil blade is less than the entropy generation around NACA0012, NACA0020, and NACA0021 airfoils.
The major goal of this paper is to investigate critical zones of the blade geometry based on EGA on a monoplane Wells turbine. Firstly, a numerical computation has been performed by solving the steady, incompressible, and three-dimensional Reynolds-averaged Navier-Stokes equations with RNG k " turbulence model in a non-inertial reference frame rotating with the rotor. In the next step, the numerical model is validated by comparing the computed parameters with the available experimental data [32] . Then, the aerodynamic characteristics and comparison between rst law e ciency and entropy generation are investigated. In this paper, good understanding of the energy conversion process, EGA and sources of irreversibility inside monoplane Wells turbine, and recommendations for future design optimization are presented.
Force analysis of Wells turbine
The air ow through the Wells turbine generates a lift force (F L ) normal to the relative velocity (W ) and a drag force (F D ) in the direction of relative velocity. These lift and drag forces are resolved into the axial force (F A ) and the tangential force (F T ), where direction of F T is independent of the axial ow direction, as shown in Figure 2 .
According to Figure 2 , the ow angle of attack changes its sign depending on the air-ow direction. Tangential force on the rotor works only in the same direction for both positive and negative values of angle of attack ( ). The force F T is responsible for the torque, and consequently for the blade power, while the axial force F A yields an axial thrust along the axis of the rotor, which has to be absorbed by the bearings. 
Numerical method and calculation
For such a case, steady-state computations are appropriate because the air ow frequency in the OWC wave energy converter is so small (f < 1 Hz) that dynamic e ects are negligible [33] . Moreover, compressibility e ect is neglected because of the low Mach number ow [34] . A nite volume approach was used to discretize the three-dimensional ReynoldsAveraged Navier-Stokes (RANS) equations. Also, the pressure-velocity coupling is calculated using the SIMPLE algorithm. The convective terms are discretized using a second-order-accurate upwind scheme, whereas pressure and viscous terms are discretized by means of a second-order-accurate centered scheme. An implicit solver is employed for simulation. Turbulence is modeled with a RNG k " model in order to properly predict the behavior of turbulent swirling ow. And, tip clearance region is considered to obtain an accurate prediction of the turbine performance.
The computation was carried out by changing the rotational speed of the rotor from high speed to low speed under a constant axial velocity. Deep stall condition is avoided in this research because e ciency and power rapidly decrease in this condition. And, because of an extremely small output power, there is no practical interest in the operating range below 6 degrees [35-38]. So, in this paper, a typical operating range is considered: an angle of attack varying between 6 and 14 degrees, or equivalently, a ow coe cient ' varying between 0.105 and 0.249. The geometric data of the turbine are summarized below in Table 1 .
Due to the circumferential symmetry, only one sixth of the annulus (Figure 3 ) has been computed, imposing periodic boundary conditions on the tangential direction. According to Figure 3 , the computational domain has been restricted in the axial direction to six chord lengths upstream and ten chord lengths downstream of the blade in order to provide fully unrestricted ow around the aerofoil section [39] . A uniform velocity pro le of the air ow has been speci ed at inlet and in ow values of turbulent intensity equal Table 1 . Speci cation of Wells turbine geometry. Number of blades (N) 6 Blade pro le to 1% and turbulence length scale equal to 1/100 chord length. Reynolds number is based on the blade chord length and relative velocity at mean radius, which is about 3:6 10 5 . In addition, value of inlet axial velocity is equal to 8.9 m/s. In this research, the standard wall function was used, so that the blade adjacent cells required the Y + value in the range of 30-60. Therefore, the Y + value was generally around 55. No-slip boundary conditions are imposed on the blade surfaces, hub, and casing. Radial equilibrium static pressure distribution has been applied to the outlet boundary of the annulus.
A global view of the meshes on the blade and hub surfaces is shown in Figure 4 . Computational domain is divided into three domains in order to obtain the structure mesh (four volumes in inlet domain and outlet domain, and thirteen volumes in middle domain [40, 41] ). Elements of the mesh are gradually reduced in size towards the middle domain. Ten nonuniformly spaced cells are used in the radial tip clearance zone. The mesh generation has been carried out by means of a fully structured multi-block grid, using quasi-orthogonal cells along the blade surfaces and Htype mesh elsewhere, except in the tip clearance region with an unstructured mesh, as shown in Figure 4 
Numerical results and discussions 4.1. Investigated non-dimensional parameters
The turbine performance is described by turbine eciency, , torque coe cient, C T , and input coe cient, C A , against ow coe cient, . Also, in this paper, the validation and accuracy of computation are investigated by the above non-dimensional parameters in the later section. The de nitions of these non-dimensional parameters are as follows:
where u T = !r indicates rotational speed at the mean radius of rotor (r), ! is the rotor angular velocity, V A is the inlet axial ow velocity, and Q is the volume ow-rate. T and P denote the turbine's shaft torque and total pressure drop across the turbine, respectively. Values of the ow coe cient from = 0:105 up to = 0:249 were obtained by varying the turbine rotational speed, while keeping the axial velocity constant.
Grid independence
In the rst step, the grid independence tests were carried out to ensure minimum in uence of grid size on the CFD results. Three di erent 3D grids composed of 121164, 238876, and 498366 cells on CFD model are tested. The two coarsest grids are associated with a large variation of the turbine e ciency. The ner remaining grid employing 498366 cells leads to a variation of the turbine e ciency less than 0.53%. Finally, since the cost of the CFD evaluation obviously increases rapidly with the number of grid cells, only the results obtained from intermediate grids are used in the present research.
CFD model validation
In the second step, the published experimental results of Takao et al. [32] are used in order to validate the present computational results. Figure 5 shows the quite good agreement between numerical and experimental results in terms of three expressed non-dimensional parameters. Figure 6 shows the local pressure coe cient distribution on the suction and pressure surfaces of the blade in three planes (near hub, mid span, and near tip) for three values of ' that indicates an acceptable qualitative trend. According to Figure 6 , from hub toward tip, the con ned area of C p plot, and hence lift force acting on the blade increase, especially in near leading edge portion. Static pressure distribution on mid-span plane of the turbine blade has been shown in Figure 7 in order to nd out the stagnation point and performance on the blade pro le for three ow coe cients; = 0:105, 0:176 (before stall), and = 0:249 (near stall). The axial ow is from left to right in Figure 7 . A region of high pressure begins to extend near leading edge of the pressure surface at ow coe cient of = 0:105. As shown in Figure 7 (a), stagnation point is very close to leading edge of the turbine blade at this ow coe cient. As the ow coe cient increases, it moves towards midportion of the blade from leading edge (Figure 7(a)-(c) ). It seems that the high-pressure region at = 0:249 is exceeding the position of maximum thickness of blade, and hence causes the turbine to be about to start stall.
Turbine aerodynamics
According to the static pressure distribution on mid-span plane near trailing edge of the suction surface of the blade, it can be clearly observed that the air ow enters through the trailing edge to mid-portion. Figure 7 also shows that the highest momentum change, and hence energy conversion occurs near to the leading edge of the rotor blades on the suction side.
Entropy generation analysis
EGA is performed to investigate the e ect of irreversibility factors in order to further explain the energy conversion process of monoplane Wells turbine. In this paper, these factors could be due to de ection of velocity vectors at leading edge, boundary layer separation, interaction between boundary layers of casing and the blade tip, and interaction between boundary layers of the hub and the blades. The wake and boundary layer interaction substantially a ect the torque produced by the blade at low values of the ow coe cient because of decreasing ow angle of attack. All of these factors cause entropy generation. In the absence of phase changes and chemical reactions, local entropy generation rate equation for incompressible Newtonian uid can be given as [29] :
Here, S 000 gen is volumetric entropy generation rate that is computed per unit volume (W/m 3 K). K, T , , and " are thermal conductivity, local absolute temperature, viscosity, and viscous dissipation function, respectively. As seen in Eq. (7), the entropy generation rate and irreversibility are divided into its thermal and viscous part. First part represents the entropy generation due to nite temperature di erence, but the second one represents the entropy generation due to viscous e ects ( uid friction). For isothermal ow in a Wells turbine, main contribution of entropy generation is due to the viscous part, while the thermal part is almost negligible.
In Cartesian notation, viscous dissipation function is expressed in three-dimensional coordinates as follows: 
where u, v, and w are local velocity components in x, y, and z directions, respectively. According to the above formula, it is understood that the local entropy generation rates are computed directly from local velocities. In fact, high values of velocity gradients cause high values of entropy generation. Therefore, the total entropy generation rate over the volume can be computed as follows:
Eq. (9) is employed to compute the total entropy generation rate throughout computational domain (one blade) for modeled Wells turbine. According to Figure 8 , there is a negative correlation between the rst law e ciency of thermodynamics and entropy generation; the minimum entropy generation coincides with the maximum rst law e ciency of thermodynamics at ow coe cient equal to 0.231. For this reason, ow coe cient of 0.231 is considered as the turbine design point. As shown in Figure 8 , the e ciency considerably increases with increasing the ow coe cient up to the design point because of the rapid increase of rotor torque. Then, the turbine will start to stall when the ow coe cient exceeds 0.249. As the value of ' decreases from 0.16 to 0.105, there is a marked increase in the value of entropy generation and the sharp decrease in the value of rst law e ciency, and this could be due to the high level of interaction between the wake of upstream blade and the boundary layer on the suction surface of the blade.
Local viscous entropy generation of turbine blade at design ow coe cient = 0:231 is shown in Figure 9 . According to this gure, entropy generation decreases from leading edge to trailing edge. Also, the highest entropy generation and momentum change also occur at the zone extending from blade leading edge to the position of maximum blade thickness on the suction side, which emphasizes the importance of irreversibilities and losses at this zone. High values of entropy generation are occurred near the blade hub because of interaction between boundary layers of the hub and the blade and deep ow separation on the suction side of the blade. Moreover, high entropy generation rate near the blade tip is due to boundary layers' interaction between casing and blade tip. Hence, size of tip clearance passage region has the high in uence on the Wells turbine performance.
Low entropy generation zone is observed on the pressure side of the blades, because there is lower velocity gradient than the suction surface. As a result, performance of monoplane Wells turbine can be considerably improved by optimizing the blade pro le (geometric optimization) in high entropy generation zones and decreasing interaction between rotor and boundary layers at the blade hub and tip.
Conclusions
In this paper, entropy generation analysis for a constant chord Wells turbine was studied numerically. This analysis was carried out by solving the three dimensional Reynolds-averaged Navier-Stokes equations with RNG k " turbulence model. A good agreement between the experimental and computational results was achieved using a structured mesh consisting of 238876 cells. According to the obtained results, the minimum entropy generation is coincided with the maximum rst law e ciency of thermodynamics at ow coe cient equal to 0.231.
The computational results concentrate on the very important issues in the monoplane Wells turbine which are the separation and boundary layer interaction. The present CFD analysis shows signi cant in uence of these issues on turbine performance.
Also, the results show that the highest entropy generation and momentum change occur at the zone extending from blade leading edge to the position of maximum blade thickness on the suction side. So, optimization of blade geometry in this zone can yield considerable improvement in the Wells turbine performance, especially near the stall point. Future research will be directed towards improving the tip clearance region and optimizing the blade geometry in order to enhance monoplane Wells turbine performance. 
